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Introduction
Modern inlet/airframe design concepts have moved toward top-mounted embedded-propulsion systems using variations on "Boundary Layer Ingestion" (BLI) inlet concepts. The reason for this change is to reduce the overall aircraft drag, minimize the emitted noise and improve survivability. However, these changes in design approach require development of advanced boundary-layer techniques to manage the inlet capture mass flow and to control the induced secondary flows generated within the highly conformal serpentine or embedded S-duct geometries. There are basically two approaches to managing the boundary layers for such inlet systems, namely (1) "preconditioning" the boundary layer to negotiate adverse pressure gradients on the fore-body and thus improve the inlet capture mass flow, and (2) "secondary flow control" to prevent or minimize the formation of inlet secondary flow and thereby reduce engine-face total-pressure distortion. Both of these techniques must be designed and used in conjunction with each other to manage the boundary layer in modern inlet/airframe concepts.
Previous research on inlet flow-control systems, spearheaded by the NASA Glenn Research Center (GRC) (Refs. 1 to 3), has led to highly successful passive and active flow-control systems to manage the secondary flow generated within S-duct and serpentine inlet configurations. Each system, whether passive or active, has positive features as well as operational limitations. The passive flow control systems are not fully active in that each actuator can not be individually managed. However, they are "fail-safe" and can be designed and optimized to operate successfully over a range of inlet operating conditions using Robust or Taguchi DOE Design Methodologies (Refs. 4 to 7). Fully-active flow-control systems using micro -jet actuation, however, can individually manage to control flow. However, they are not inherently "fail safe", (i.e., the fail safe feature is not designed into the actuator itself). Also, they require 1.0 to 3.0 percent of the engine bleed airflow to operate successfully. This is a large amount airflow which penalizes engine performance.
Active hybrid flow-control research, also spearheaded by NASA GRC, has led to a first generation hybrid flow-control system. The intent of this research was to combine the "fail-safe" features of passive micro-vane control with the active capability of micro -jet flow control. This first generation hybrid flowcontrol system was designed and tested by the Boeing Company under funding from the Air Force's "Versatile Affordable Advanced Turbine Engine" (VAATE) program. This system is comprised of passive micro-vanes loosely integrated with the micro -jets located well downstream of the micro-vanes in a serpentine diffuser. The technology meets design pressure recovery and distortion goals using from 1.0 to 2.0 percent of engine airflow for the micro -jet flow control.
Several beneficial improvements over the first generation system have been postulated. First, there is a desire to develop an enhanced first-generation hybrid flow-control system which uses significantly less engine airflow. Second, there is a desire to develop a more-robust hybrid flow-control system by replacing the micro-vanes with micro-ramps which are less-prone to damage during operation or maintenance actions. Passive micro-ramp flow control has been used to successfully manage the shock/wave boundary-layer interaction for supersonic inlets (Ref. 8) .
The issue of active "fail-safe" micro-array flow control, where the fail-safe feature is built into the individual actuators, has not received attention from the flow-control research community. However, "fail safe" flow-control always surfaces whenever flow-control is applied to a flight system. While micro -jet flow control has been applied successfully to compact inlet systems to manage secondary flow, it is not inherently "fail-safe". In addition these flow control systems require 1.0 to 3.0 percent of the engine airflow to be effective and this represents a large engine performance penalty.
Therefore, the purpose of the collaborative research study is to develop an enhanced first generation hybrid flow-control system whose actuators are inherently "fail safe" and use substantially less engine airflow than previously needed. The NASA Technology Serial No. for hybrid micro-vane/ramp actuators introduced in this paper is LEW-18322-1. The enhanced first-generation system will focus on both microvanes and micro-ramps highly-integrated with micro -jets to provide nonlinear augmentation for the "strength" or effectiveness of the flow control systems. The study will focus on the engine bleed airflow (Wjet/Waip) range from 0.10 to 0.30 percent and jet total pressure ratios (Pjet/Po) range from 1.0 to 3.0. The engine bleed airflow range under study therefore represents about a 10 fold decrease in the required micro -jet airflow than previously needed. Therefore, by pre-conditioning, or injecting a small amount of high-pressure jet flow into the vortex generated by the micro-vane and/or micro-ramp, active flow control is achieved and substantial augmentation of the controlling flow is realized.
Results and Discussion

Design Approach to Optimal Micro-Array Hybrid Flow Control
The basic problem of experimental and CFD design is deciding what approach, or arrangement of test cases to be "run", will best reveal aspects of the situation of interest. For that reason, the overall objectives of the study become very important. In the present study, three objectives were considered important, namely (1) develop response surfaces that enable the design of optimal hybrid actuator configurations which meet the mission needs, (2) establish the range of possible augmentation amounts that are available for use in the practical applications of hybrid actuators, and (3) determine the design guidelines for "synthetic jet" actuators which may be a practical replacement for steady micro -jet actuators.
One of the most difficult tasks in the design of a flow control installation for optimal operation is arriving at the geometric placement, arrangement, number, size and orientation of the effector devices within the inlet duct to achieve optimal performance. These actuator devices can be either mechanical or fluidic. In this study, however, the design task is further complicated by the fact that micro-vanes and micro-ramps are combined with micro -jets to form a single actuator system. Hence, the number of factor variables is dramatically increased and the number of possible design cases to be studied enlarged prohibitively. The design task is further complicated by the existence of hard-to-control factors which affect actuator performance (i.e., the mission variables).
The mission variables are the flight conditions, the engine corrected air flow, angle-of-incidence and angle-of-yaw. While the aerodynamicist does not know how the pilot is ultimately going to fly the aircraft, it is known how the mission variables affect inlet performance under wind tunnel conditions. Traditionally, tolerance or robustness to the mission variables was accomplished only after the parameter design was completed, usually by accepting whatever off-design performance was delivered by the newly designed control system. Numerical optimization procedures that have been successful with some aerodynamics problems give little assistance to designing robust flow control since they are point-design procedures, usually with only one decision parameter. However, there is a branch of statistical Design-ofExperiments (DOE) methodology which integrates both traditional Response Surface Methods (Ref. The traditional approach to flow control is illustrated in Figure 1 , which shows the relationship between the mission variables (i.e., the flight conditions, engine corrected air flow, angle-of-incidence and angle-of-yaw etc.), and the response variables (i.e., inlet total pressure recovery and distortion), and the metrics that affect high cycle fatigue of engine blades. The objective of flow control, therefore, is to change the behavior of the inlet system from its baseline performance (without flow control) to the optimal level of performance. The optimal performance over the flight envelope can never be entirely realized with a passive system. However, optimal inlet performance can be fully realized with a fully active system because the flow control system can be adjusted to the changing flight envelope. However, experience has shown that an active flow control system, such as micro -jet actuators, has two major disadvantages, namely, (1) they are not inherently "fail-safe" and (2) they require engine bleed air flow between Wjet/Waip = 1.0 to 3.0 percent to operate successfully. To overcome these disadvantages, active "fail-safe" hybrid flow control systems were initiated is illustrated in Figure 2 .The object of the active part of hybrid systems, therefore, is to adjust the performance from the robust optimal level, i.e., the "fail safe operating level, over the flight envelope, to the optimal performance level. By designing the hybrid flow control system to operate in a "nonlinear" fashion, large augmentation of the flow control system can be realized with small amounts of engine bleed air flow (i.e., between Wjet/Waip = 0.1 to 0.3 percent). Figures 3 and 4 illustrate the geometric arrangement of such nonlinear hybrid flow control systems.
The Design-of-Experiment (DOE) Strategy
Data for the hybrid flow control actuators that are, shown in Figures 3 and 4 , was obtained using CFD analysis. The actuators were modeled in a tunnel geometry corresponding to the 15 by 15 cm. Supersonic Wind Tunnel at NASA GRC. The tunnel Mach number was set at 0.5, with a tunnel total pressure of 2117.0 psf and total temperature of 517.0 °R. The grid topology contained only one actuator with symmetric boundary conditions applied to the side planes located at the spacing (s) assigned to the DOE variables that were held constant, Table 1 . Other factors that were held constant in the analysis were micro-actuator height (h), set at 3 mm. for micro-vanes and 5 mm for micro-ramps, the micro-actuator chord length (c), the micro-actuator pitch angle (Bp), the stream-wise location of the micro -jets relative to the actuators (ΔXjet), the transverse location on the micro -jets relative to the actuators ( ΔYjet), and the micro -jet skew angle (Βs). The values of the factor variable that were held constant were determined through a DOE screening study (Ref. 9) . The purpose of the screening study was to determine the best location and orientation of the micro -jets relative to the micro-actuators to insure control augmentation and to set the range of the factor variables which should be studied in the DOE itself. In the screening DOE study, there were actually 10 independent factor (design) variables considered. Using a "Main Effects" DOE strategy, there were 11 CFD cases run in the screening process. The results of the screening study provided the best overall location and orientation of the micro -jet relative to the micro-vane/ramp actuator. The design variables (factors) considered that form the DOE study are presented in Table 2 , and include the micro -jet pitch angle (Βp), the micro -jet mass flow ratio (Wjet/Waip), and the micro -jet total pressure ratio (Pjet/Po). The DOE study focused on the engine bleed airflow (Wjet/Waip) range from 0.10 to 0.30 percent and jet total pressure ratios (Pjet/Po) from 1.0 to 3.0. The micro -jet mass flow ratio range under study therefore represents about a 10 fold decrease in micro -jet airflow than previously required. The microjet pitch angle (Βp) was varied from 20° to 40° relative to the tunnel-floor surface. The response variables (design metrics) considered for this study, listed in Table 3 , were the boundary-layer total-pressure recovery (PFAVE), the compressible boundary-layer displacement thickness (δ*), the compressible boundary-layer momentum thickness ( θ), and boundary layer transformed form factor (Htr). The transformed form factor (Htr) was calculated from the incompressible shape factor (Hi) equations, but is often referred to as the transformed form factor since it is applied in the compressible regime. Each of these boundary layer parameters was measured at the AIP, or reference measurement station located at a streamwise location (X) of 4.0 cm. In addition to the boundary layer parameters two additional metrics were measured in this study. These were the percent cross-stream kinetic energy ratio (%K) and the percent augmentation parameter (%Au). Both of these response variables were measured at the trailing edge of the micro-vane/ramp, (located at X = -11.5 cm). The percent area-weighted cross-stream kinetic energy-ratio (%K) was defined as %K = 100.0*(ρV 2 +ρW 2 )/ ρU 2 (1) where ρ is the density, V and W the cross-stream velocity components, and U is the streamwise velocity. The area-weighted percent-augmentation parameter (%Au) was defined as Augmentation Parameter Au (2) (1) Measured at the AIP (Reference) plane, X = 4.0 (cm) (2) Measured at the micro-array trailing edge, X = -11.5 (cm) Therefore, the percent augmentation parameter (%Au) measures the change in the cross-stream kineticenergy ratio as a result of the combined micro -jet micro-vane/ramp hybrid actuator configuration. In order to measure the nonlinear aspect of micro -jet micro-vane/ramp combination, an area-weighted micro -jet percent augmentation parameter (%Au) was defined as
The DOE strategy selected for this study was a Central Composite Face-Centered (CCF) design as shown in Tables 4 and 5 . This strategy resulted in two sets of 15 unique CFD analysis cases, one set for the hybrid micro-vane, Table 4 , and another for the hybrid micro-ramp actuator, Table 5 . This particular DOE design, like most DOE strategies, varied more than one factor at a time. Further, this layout of 15 cases permitted the estimation of both linear and curvilinear effects as well as two-factor interactive or synergistic effects among the factor variables. These two DOE cases are called a composite design because the layout of cases is composed of a factorial part and a quadratic part. The full factorial part is composed of the 2 3 or 8 cases. The remainder of the cases is the quadratic part of the DOE. All together, there are 15 cases in a CCF design with three factor variables. This layout represents the smallest number of DOE cases that allow for the evaluation of the linear and curvilinear effects as well as all the twofactor or first-order interactions.
One critical aspect of Response Surface Methodologies (Ref. 9) (RSM) is its ability to identify, prioritize, and examine statistical interactions among the factors (design) variables. Knowledge of these statistical interactions is critical for achieving optimal micro-array designs. A statistical interaction exists between two independent factor variables X1 and X2 when the effect of X1 on response variable Yi is affected by the value of X2. In other words, the effect of factor X1 on response Yi is not unique, but changes as a function of X2. This type of behavior is often called a synergistic effect and its understanding is very critical in the optimization process of hybrid micro-array flow control devices.
Each of the 2x15 cases, representing the DOE design for the hybrid micro-vane actuator, Figure 3 (b), and hybrid micro-ramp actuator, Figure 4 (b), were run with the Reynolds-averaged Navier-Stokes WIND code (Refs. 11 and 12). In the present study, the individual hybrid and micro-vane/ramp actuators (including the micro-jet) were incorporated into the grid topology, and are shown in Figures 3(b) to 4(b) . The complete grid was composed of six blocks; an upstream block, two working blocks, two downstream blocks, and one block containing the grid for the micro -jet actuator. Since the need existed to economize because of the large number of cases to be run, and to guarantee proper grid resolution in the neighborhood of the micro-actuators, only a single hybrid micro-vane or hybrid micro-ramp geometry was considered. Symmetry boundary conditions were then applied to the grid side walls, and viscous-wall boundary conditions were applied to the shock-generator and top-wall surfaces. The CFD cases were run with a grid containing 831,726 mesh points for the hybrid micro-vane actuator cases, and 1,070,195 mesh points for the hybrid micro-ramp actuator cases. See Figures 3(b) and 4(b) for the grid topology. The CCF design layout along with the CFD response results is presented in Table (4) for the hybrid  micro-vane actuators and Table 5 for the hybrid micro-ramp actuators. Each of the two DOE layouts, like most DOE strategies, varies more than one factor at a time. Further, this DOE design layout of 15 cases permits the estimation of both linear and curvilinear effects as well as interactive or synergistic effects among the DOE factors. The resulting generalized regression model for each of the response variables is of the form
The statistically significant transformed coefficients for the regression model describing the percent augmentation parameter (%Au) are presented in Table 6 for the hybrid micro-vane/ramp actuators. These terms were obtained by performing a backwards elimination and retaining only those terms that had pvalues less 0.10. This insures that the statistically significant transformed regression coefficients (Ai's) listed in Table 6 have a 90 percent confidence level or greater. The generalized regression model, Equation (4), is based on the Taylor series expansion, and therefore contains an error term, Rn(df,Sy.x,X1,X2, ...XN). That error term must be evaluated. Standard DOE practice allows the determination of that error to be expressed as a confidence interval. That interval is usually a 95.0 percent confidence interval. Hence, each point on the regression surface contains a value and a specified percent confidence interval. Shown in Figures 5 to 10 are the response surfaces for the percent augmentation parameter (%Au) for the hybrid micro-vane actuators and hybrid micro-ramp actuators. They have been organized according to both micro-device and factor interaction. For example, Figures 5 to 7 show the computed response surfaces for the hybrid micro-vane actuators organized to illustrate the Ajet x (Wjet/Waip) factor interaction, Figure 5 , the Ajet x (Pjet/Po) factor interaction, Figure 6 , and the (Pjet/Po) x (Wjet/Waip) factor interaction, Figure 7 . Likewise, Figures 8 to 10 illustrates the computed response surfaces for the hybrid micro-ramp actuators organized according to the same factor interactions. Therefore, the comparison of Figure 5 with Figure 8 illustrates the differences in the response surfaces for the hybrid micro-vane and hybrid micro-ramp actuators illustrated by the Ajet x (Wjet/Waip) factor interaction. One glaring feature of these response surfaces is the property that an optimum amount of injected mass flow exists beyond which the augmentation decreases. This is illustrated in Figures 8 and 10 for the hybrid micro-ramp actuator, where the optimal amount of injected mass flow (Wjet/Waip) is about 0.20 percent. There would probably be an optimal injected mass flow (Wjet/Waip) for the hybrid micro-vane actuator, since the same flow physics applies. (See section entitled "The Aerodynamic Properties of Optimal Hybrid Micro-Vane/Ramp Actuators". However, it was not demonstrated by this study).
Based on these response surfaces, the optimal hybrid micro-vane/ramp actuator configuration were established by maximizing the percent augmentation parameter (%Au). The optimal results are listed in Table 7 , and the 95.0 percent confidence interval associated with these optimal performance results is presented in Table 8 . It is evident that the optimal hybrid micro-vane/ramp actuator can provide substantial augmentation of the control flow and that there is a range of micro -jet operating conditions where this augmentation is realized. Outside this useful operating range, the augmentation decreases very rapidly and can attenuate the micro-vane/ramp control flow. However, the 95.0 percent confidence interval on the optimal percent augmentation (%Au) is large. This confidence interval can be substantially reduced by a combination of three types of changes in the original DOE design layout. Consider the error term Rn(df,S y.x ,X 1 ,X 2 ,... X N ) in Equation (4) . The three combinations of changes are (1) centering the optimal micro -jet configuration in the original DOE design to decrease the distance between the optimal and the mean or centroid of the response data (X 1 ,X 2 ,... X N ), (2) reducing the factor range of the original DOE design to have more information in a smaller neighborhood of the optimal operating condition in order to reduce Sy.x, and (3) increasing the number of CFD cases in the original DOE design to increase the degrees of freedom for the error (df). In order to further understand the interaction between the flow field induced by the micro -jet alone and that flow field induced by the integrated micro-vane/ramp actuators, three baseline micro -jet cases were run that simulated the CFD configurations srm201, srm207, and srm209 in Table 5 . The purpose of these calculations was to determine the baseline augmentation produced by the isolated micro -jet as determined by Equation (5) . The percent ratio of transverse to streamwise kinetic energy (%K) was respectively, 0.006, 0.256, and 0.126 percent. The isolated baseline micro -jet augmentation for these same CFD cases was 0. 1, 4.0, and 1.9 percent, and the comparable performance augmentations for the hybrid micro-ramp actuators are, respectively -5.3, 57.2, and 71.0 percent. Therefore, one can not explain the high augmentation induced with the hybrid micro-vane/ramp actuators as a simple linear combination of micro -jet and micro-vane/ramp flow fields. It is the nonlinear interaction between the micro -jet and microvane/ramp that provides the design advantage of the "fail safe" hybrid micro vane/ramp actuators over simple micro -jet actuators.
The nonlinear nature of the transverse to stream-wise kinetic energy (%K) and micro -jet augmentation (%Au) response variables follows from the linear relationship between the mean responses and the standard deviations of the responses, which indicates that the functional relationships of the response variables are exponential. It also was revealed by the large confidence intervals that were observed at the optimal design condition. Based on these results, a logarithm transformation of the response is appropriate and will stabilize the variation over the range of the response variable. While the DOE response surface for (%Au) is linear in the transformed plane, it is highly nonlinear in the untransformed plane. Hence, DOE has the ability to treat highly nonlinear aerodynamic problems. In fact, it is therefore possible to treat highly nonlinear aerodynamic problems with only a two level DOE factorial or fractional factorial design.
The Aerodynamic Properties of Optimal Hybrid Micro-Vane/Ramp Actuators
Presented in Figures 11 to 13 is a comparison between the baseline micro-vane/ramp flow field and the optimal hybrid micro-vane/ramp flow field. Figure 11 shows this comparison between the transverse Mach number contours at the reference (AIP) plane for the standard and hybrid micro-vane actuator. This comparison indicates that the effect of the optimal injected jet is to energize the near-wall boundary-layer region. Likewise, Figure 12 shows the same comparison of the transverse Mach number contours for the standard and hybrid micro-ramp actuator. It also shows that the impact of the optimal micro -jet on the vortex induced by the standard micro-ramp is to energize the near-wall boundary layer. The characteristic effect of energizing the near-wall boundary layer can also be seen in the comparison between the streamwise velocity profiles for the hybrid micro-ramp at the upwash and downwash regions of the induced micro-ramp vortex, Figure 13 .
The characteristic effect of optimal hybrid micro-vane/ramp actuators is therefore to energize the near wall boundary layer. This explains why an optimal relationship exists between the micro -jet and micro vane/ramp combination. A micro -jet operated at high pressure may only puncture into the outer portion of the boundary layer or the free stream and not energize the near wall boundary layer. A micro -jet operated a low pressure may not energize the near wall boundary layer. Because of the large number of independent factor (design) variables that will impact the relationship between the micro -jet and micro vane/ramp combination, it is very difficult to locate (define) an optimal configuration. Hence the need for Design-of-Experiments (DOE) methodology in this search for the optimal is evident.
Summary of Results
The primary objective of this research effort was to develop and analytically demonstrate enhanced first generation active "fail-safe" hybrid flow-control techniques to simultaneously manage the boundary layer on the vehicle fore-body and to control the secondary flow generated within modern serpentine or embedded S-duct inlet configurations. The enhanced first-generation technique focused on both micro-vanes and micro-ramps highly-integrated with micro -jets to provide nonlinear augmentation for the "strength" or effectiveness of highly-integrated flow control systems. The study demonstrated using micro -jet operating in a mass flow ratio (Wjet/Waip) range from 0.10 to 0.30 percent and jet total pressure ratios (Pjet/Po) range from 1.0 to 3.0 can substantially augment the control flow. The needed engine bleed airflow range represents about a 10 fold decrease in micro -jet airflow than previously required for control. Therefore, by preconditioning, or injecting a very small amount of high-pressure jet flow into the vortex generated by the micro-vane and/or micro-ramp, "fail safe" active flow control was achieved and substantial augmentation of the controlling flow is realized.
